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a b s t r a c t
Prechordal mesendoderm (PME) is a derivative of gastrula organizer underlying the anterior neural plate
of vertebrate embryos. It has been ﬁrmly established that PME is critical for head induction and anterior–
posterior patterning. Therefore, the establishment of PME in a desired shape and size at a correct
position during early embryogenesis is crucial for normal head patterning. However, it remains largely
unclear how the desired form and size of PME is generated at a predestined position during early
embryogenesis. Here we show that in zebraﬁsh a maternal transcription repressor Vsx1 is essential for
this early developmental regulation. Knocking down maternal vsx1 resulted in impaired PME formation
and progression associated with a deﬁcient and posteriorized forebrain. Loss- and gain-of-function
experiments showed that maternal Vsx1 is essential for repressing ntl ectopic expression in more animal
region at early gastrula stages. Chromatin immunoprecipitation assay in combination with core
consensus sequence mutation analysis further revealed that maternal Vsx1 can directly repress ntl
transcription by binding to the proximal promoter at a speciﬁc site. Simultaneous inhibition of ntl
function could successfully suppress the defects of both PME and forebrain formation in maternal Vsx1
knockdown embryos. Our results reveal a pivotal role for maternal Vsx1 as a direct transcriptional
repressor of ntl expression at the margin of the zebraﬁsh gastrula to ensure directional cell polarization
and migration of PME cells.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Prechordal mesendoderm (PME) is a derivative of gastrula
organizer underlying the anterior neural plate of vertebrate
embryos. It has been ﬁrmly established that in vertebrates PME is
critical for forebrain induction and anterior–posterior patterning
during gastrulation (reviewed by Kiecker and Niehrs, 2001; Wilson
and Houart, 2004; Andoniadou and Martinez-Barbera, 2013). There-
fore, the establishment of PME in a desired shape and size at a
correct position is critical for normal head patterning. As a derivative
of the gastrula organizer, the formation of PME is initiated in
response to the activity of maternal β-catenin at the prospective
dorsal region in both Xenopus (Harland and Gerhart, 1997) and
zebraﬁsh (Kelly et al., 2000). In zebraﬁsh, graded nodal activities are
involved in establishing the anteroposterior polarity of the pregas-
trula organizer. Nodal gain- and loss-of-function studies reveal
that high level of nodal signaling is essential for specifying the
PME cells at the anterior region of organizer (Gritsman et al., 2000;
Thisse et al., 2000; Dougan et al., 2003). PME cells involute at the
beginning of gastrulation and then migrate anteriorly until reaching
a given position beneath the neural plate during gastrulation
(Kiecker and Niehrs, 2001). A number of transcription factors,
including Goosecoide (Gsc) (Ferreiro et al., 1998; Latinkic and
Smith, 1999; Yao and Kessler, 2001) and Otx2 (Pannese et al.,
1995; Acampora et al., 1995; Foucher et al., 2006), are expressed in
the presumptive PME cells to promote PME activity. The embryos
lacking the function of either Gsc or Otx2 exhibit the failure of PME
formation associated with deletion of forebrain (Pannese et al., 1995;
Latinkic and Smith, 1999; Yao and Kessler, 2001).
In Xenopus, simultaneous inhibition of Bmp and Wnt signaling
is necessary for head induction (Glinka et al., 1997). PME cells
secret several Wnt and Bmp antagonists, such as Dkk1 and
Cerberus, to protect forebrain formation. Wnt antagonist Dkk1 is
expressed within the PME at late gastrula stage in zebraﬁsh
(Hashimoto et al., 2000; Shinya et al., 2000), Xenopus (Glinka et
al., 1998; Kazanskaya et al., 2000; Niehrs et al., 2001) and mice
(Mukhopadhyay et al., 2001). Loss of Dkk1 function results in
microcephaly or absence of anterior structure, whereas overex-
pression of Dkk1 leads to enlargement of the head (Caneparo et al.,
2007). Cerberus is a secreted inhibitor of nodal, Bmp and Wnt
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signals in the extra-cellular space to protect head formation
(Piccolo et al., 1999). Misexpression of cerberus can induce ectopic
heads (Bouwmeester et al., 1996). Therefore, normal PME forma-
tion at a correct position of the embryo is critical for normal
forebrain formation and location. However, it remains largely
unclear how the PME is generated in a desired form and size at
a given position during early embryogenesis.
Visual system homeobox-1 (vsx1) is a paired-like transcription
factor gene (which encodes a protein containing a homeodomain
and a CVC domain) originally cloned from an adult goldﬁsh retina
cDNA library (Levine and Schechter, 1993). So far, homologs of
Vsx1 have been identiﬁed in several vertebrate species, including
zebraﬁsh (Passini et al., 1998), Xenopus (D'Autilia et al., 2006),
chick (Chen and Cepko, 2000), mouse (Ohtoshi et al., 2001) and
human (Semina et al., 2000). In all the examined vertebrate
species, vsx1 is expressed during early developmental stages and
in the adult retina (Levine et al., 1994; Passini et al., 1998; Semina
et al., 2000; Ohtoshi et al., 2001; D'Autilia et al., 2006). Previous
studies have identiﬁed that Vsx1 participates in regulating retinal
progenitor proliferation, differentiation and functional mainte-
nance of bipolar cells (Hayashi et al., 2000; Héon et al., 2002;
Chow et al., 2004; Ohtoshi et al., 2004; Valleix et al., 2006; Clark
et al., 2008) and proposed that Vsx1 might also play an important
role during early embryogenesis (Ohtoshi et al., 2001). Recently, it
has been observed that, by directly repressing the transcription
of a key axial mesoderm regulatory gene in ventrolateral meso-
derm region, maternal Vsx1 plays a pivotal role in axial–paraxial
mesoderm patterning during early embryogenesis in zebraﬁsh
(He et al., 2014). In maternal vsx1 knockdown embryos, the axial
mesoderm domain is shorter than that in the wild type embryos at
bud stage (He et al., 2014), implying that maternal Vsx1 is involved
in regulating anterior–posterior patterning in zebraﬁsh. Here we
show that maternal Vsx1 plays an essential role in PME formation
and progression, as well as normal forebrain formation during
early embryogenesis in zebraﬁsh.
Results
Maternal Vsx1 is essential for normal PME formation and progression
To determine the role of maternal Vsx1 in anterior–posterior
patterning, we examined PME formation and position in maternal
Vsx1 knockdown embryos at bud stage. Maternal Vsx1 knock-
down was performed by injecting 3.8 ng of a translation blocking
morpholino oligonucleotides (tbMO), which targets to the ATG
region of vsx1 mRNA speciﬁcally as described previously (He et al.,
2014). Spatial pattern of anterior mesendoderm, chordamesoderm,
neural plate and epidermis were visualized in wild type and vsx1
tbMO injected embryos by whole-mount in situ hybridization
with anterior mesendoderm marker hgg1, axial mesoderm marker
ntl, the neural and non-neural ectoderm boundary marker dlx3b.
In about 65% of the vsx1 tbMO injected embryos (N¼43), hgg1
marked PME domain was strikingly smaller than that in the wild
type embryos, while ntl marked axial mesoderm domain was
expanded in width but shortened in length, and the neuroecto-
derm domain was much broader in comparison with that in the
wild type control (Fig. 1A–H). Judging by the position of leading
edge of the neuroectoderm, the whole hgg1 marked PME domain
in the wild type was located at the anterior side (Fig. 1B and C), but
in vsx1morphants was located at the posterior side (Fig. 1F and G).
The distance between the posterior edge of the hgg1 domain and
the anterior edge of ntl domain was much shorter than that in the
wild type embryos (Fig. 1B and F). The defects of PME formation
and position in maternal Vsx1 knockdown embryos indicate that
maternal Vsx1 is essential for PME formation and progression
during early embryogenesis.
Whole-mount in situ hybridization with differentially labeled
chordamesoderm marker ntl and PME maker gsc showed that gsc
marked PME cells were converged to the dorsal midline, separated
from the ntlmarked margin and migrating toward the animal pole
at 40% epiboly stage in the wild type control (Fig. 2A and B). In the
vsx1 tbMO injected embryos, however, the gsc marked PME cells
were not converged to the dorsal midline and detained within the
animal-expanded margin marked by ntl (Fig. 2D and E). It appears
that the presumptive PME cells in vsx1 tbMO injected embryos are
unable to migrate toward the animal pole.
Elongation of the cells at the leading edge of the mesendoderm,
close to the border between epiblast and hypoblast, is a morpho-
logical feature previously reported to correlate with the migratory
activity of prechordal plate cells at the onset of zebraﬁsh gastrula-
tion (Montero et al., 2003; Ulrich et al., 2003). To determine
whether the presumptive PME cells in the morphants are migra-
tory, we analyzed changes in cell shape of anterior mesendoderm
cells during gastrula stage. Cell shape of the embryos was
displayed by membrane-bound YFP. At 60% epiboly stage, cells
at the leading edge of the mesendoderm, close to the border
between epiblast and hypoblast, were elongated and migrated
toward the animal pole in the wild type embryos (Fig. 2C and C0)
but not in the tbMO injected siblings (Fig. 2F and F0). These results
demonstrated that maternal Vsx1 regulates PME formation by
protecting the directional elongation and migration of presump-
tive PME cells.
Maternal Vsx1 indirectly regulates forebrain formation and position
We also observed remarkable defects of head formation in the
vsx1 tbMO injected embryos at 24 hours post fertilization (hpf).
When 3.8 ng vsx1 tbMO was injected at one cell stage, about 60%
of injected embryos (N¼152) exhibited dorsalized phenotype with
dramatically reduced brain at 24 hpf, in which no distinct brain
ventricles could be observed (Fig. 3C–D0). When coinjected with
230 pg vsx1 mis-mRNA (encoding the normal Vsx1 protein but
lacking the target site of the vsx1 tbMO), brain ventricles were
detectable in about 70% of embryos (N¼155, Fig. 3I), suggesting
that the brain defects in vsx1 tbMO injected embryos were due to a
reduction of endogenous Vsx1 protein level. Previously it was
shown that zygotic vsx1 mRNA was synthesized at the 14-somite
stage (16 hpf) in the central nervous system (Passini et al., 1998).
To determine whether maternal vsx1 mRNA alone or both mater-
nal and newly synthesized zygotic vsx1 mRNA are involved in
regulating brain patterning, we used a splice-blocking MO (sbMO).
The sbMO targets to the ﬁrst splice site of vsx1mRNA and has been
demonstrated to block the splicing of newly synthesized zygotic
vsx1mRNA speciﬁcally and effectively (Clark et al., 2008) but leave
the maternal deposited vsx1mRNA intact. However, injection with
3.8 ng to 15 ng of sbMO elicited no detectable brain defect until
24 hpf (Fig. 3E–F0), though eye abnormality was detected at late
developmental stages as observed in previous experiments (Clark
et al., 2008; He et al., 2014). Hence, it is maternal Vsx1, rather than
zygotic Vsx1, that is essential for brain patterning.
Brian defects caused by loss of maternal Vsx1 function were
analyzed in detail by whole-mount in situ hybridization with
forebrain, midbrain and hindbrain markers at 8–10 somite stage.
In comparison with the wild type control, the expression of
forebrain marker gene six3b in vsx1 tbMO injected embryo was
signiﬁcantly repressed and its expression domain was smaller and
located at a posterior position (N¼30/36, Fig. 4A–B0). However,
no detectable repression of both midbrain marker gene eng2a and
hindbrain marker gene krox20 was observed in the examined
vsx1 tbMO injected embryos (N¼37/37 and 29/29, respectively),
X. Xu et al. / Developmental Biology 394 (2014) 264–276 265
despite their expression domains were not normally converged to
the dorsal midline compared to that in the wild type (Fig. 4C–F0).
Expression pattern of forebrain marker rx3, midbrain-hindbrain
boundary marker pax2a and hindbrain marker hoxb1b at bud stage
conﬁrmed that forebrain, but not midbrain and hindbrain domain
was suppressed, and the gap between the rx3 marked forebrain
and pax2a marked midbrain in vsx1 morphants was much nar-
rower than that in the wild type (Fig. 4G–H0). These results
indicate that the forebrain was speciﬁcally suppressed in maternal
Vsx1 knockdown embryos during early embryogenesis.
PME plays an important role in forebrain development (Kiecker
and Niehrs, 2001; Wilson and Houart, 2004) and maternal Vsx1
regulates PME formation and progression, implying that maternal
Vsx1 can regulate forebrain formation and position in an indirect
manner. To establish the relationship between the impaired PME
formation and the forebrain defects, we compared the size and
position of rx3 marked forebrain domain to that of hgg1 marked
PME domain in vsx1 morphants at bud stage. Whole mount in situ
hybridization showed that both rx3 marked forebrain domain and
hgg1 marked PME domain were reduced in size and located at a
more posterior position in vsx1 morphants in contrast to those of
their wild type controls (Fig. 5B–C0 and E–F0). This result showed
that the defects of PME formation and progression correlated
well with the defects of forebrain formation and position. It is well
Fig. 1. Comparison of spatial relationship patterns of PME, axial mesoderm, neural plate and epidermis in different types of embryos at bud stage. The neural plate and
epidermis boundary is marked by dlx3b, PME is marked by hgg1 and axial mesoderm is marked by ntl. (B, F, J, N) Dorsal-animal views with anterior towards the top. (C, G, K,
O) Lateral views with animal towards the top. (D, H, L, P) Dorsal views with animal towards the top. The injected reagents are indicated at the left of each column. The border
between neural plate and epidermis is emphasized by black dots. Black brackets indicate the distance between anterior prechordal plate and posterior notochord. Red
brackets indicate the length of notochord. Arrowheads indicate the anterior position of PME. Note that in vsx1 tbMO and ntl MO coinjected embryos, the anterior migration
of hgg1 expression domain and the extension of ntl expression domain are recovered, but the lateral expansion of ntl expression domain is still the same as that in vsx1
morphants.
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known that normal expressions of otx2 and gsc in the presumptive
PME cells are critical for promoting PME activity in inducing
forebrain development (Acampora et al., 1995; Pannese et al.,
1995; Ferreiro et al., 1998; Latinkic and Smith, 1999; Yao and
Kessler, 2001; Foucher et al., 2006), and the PME cells secrete Dkk1
to protect forebrain progenitors from the inﬂuence of caudalizing
factors (Glinka et al., 1998; Hashimoto et al., 2000; Kazanskaya et
al., 2000; Shinya et al., 2000; Mukhopadhyay et al., 2001; Niehrs et
al., 2001). To substantiate that the impaired PME formation and
progression elicited aberrant forebrain formation and position in
vsx1 morphants, we examined the expression of these head
organizer genes at bud stage. Whole mount in situ hybridization
showed that the expression domains of otx2, gsc and dkk1
were remarkably repressed and more posteriorly located in vsx1
tbMO injected embryos (Fig. 6A–B0, D–E0 and G–H0). These results
indicate that maternal Vsx1 regulates forebrain development in an
indirect manner.
Because Vsx1 is also expressed in the presumptive ectoderm cells
at the animal region during blastula and early gastrula stages in
zebraﬁsh (He et al., 2014), it is necessary to test the possibility that
Vsx1 directly promotes the fate speciﬁcation of forebrain progenitors.
If both indirect and direct regulatory mechanisms are in work and
essential for normal forebrain formation, one would expect that the
defects of both forebrain phenotype and position in vsx1 morphants
could not be rescued by supplying a deﬁciency of Dkk1, which
antagonizes the caudalizing Wnt signaling to induce forebrain
formation. If only the indirect mechanism is in work, supplying a
deﬁciency of Dkk1 will effectively rescue the forebrain phenotype but
not the position in vsx1 morphants, because the impaired PME cell
migration could not be rescued by dkk1 overexpression and the
posteriorly located PME deﬁnes the forebrain position. Our results
showed that the later was the case. When 25 pg dkk1 mRNA was
coinjected with 3.8 ng vsx1 tbMO, about 66% of the coinjected
embryos (N¼89) developed a normal or slightly enlarged forebrain
at a more posterior position of the embryos (Fig. 5G and I), and the
expression level of anterior neural plate marker rx3 was also
increased at a more posterior position (Fig. 5H and H0). Therefore,
it is unlikely that maternal Vsx1 directly regulates the fate speciﬁca-
tion of the forebrain progenitors at early developmental stages. Taken
together, we concluded that, by regulating PME formation and
progression, maternal Vsx1 plays an essential role in establishing
the forebrain in a desired size at a correct position.
Fig. 2. Maternal Vsx1 is essential for PME formation and progression. (A, B, D, E G, H) whole-mount in situ hybridization analysis of ntl (purple) and gsc (brown) expression
in wild-type, vsx1 tbMO injected, vsx1 tbMO and ntl MO coinjected embryos at 40% epiboly. (C–C0 , F–F0 , I–I0) Cellular morphology and position of the anterior mesendoderm
cells in wild-type, vsx1 tbMO injected, vsx1 tbMO and ntlMO coinjected embryos at 60% epiboly, observed by a confocal microscope. C0 , F0 and I0 are the magniﬁed image of C,
F and I, respectively. The injected reagents are indicated at the left of each column. (A, D, G) Dorsal views with animal towards the top. (B, E, H) Animal views with dorsal
towards the right. (C–C0 , F–F0, I–I0) lateral views at the shield region with animal towards the top and dorsal towards the right. The arrowheads indicate the leading edge cells
of the mesendoderm. e, h and y indicate epiblast, hypoblast and yolk sac, respectively. The bars represent 20 μm.
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Fig. 3. Maternal Vsx1 is essential for head formation and patterning in zebraﬁsh. (A–H″) Phenotype comparison of uninjected wild-type (A–B″), vsx1 tbMO injected (C–D″), vsx1
sbMO injected (E–F″), vsx1 tbMO and ntlMO coinjected embryos at 24 hours post fertilization. The single images of embryos are presented in their lateral views with anterior to
the top and dorsal to the right. The injected reagents are indicated at the left of each column. (B0 , D0 , F0 , H0) and (B″, D″, F″, H″) are the magniﬁed images of B, D, F and H at the
head region and trunk region, respectively. Two arrowheads indicate the width of the notochord. Note that the vsx1 tbMO injected embryo is severely dorsalized, and the vsx1
tbMO and ntl MO coinjected embryo exhibits normal brain ventricles with no distinguishable notochord. (I) Proportion of different phenotypes in different experiments at
24 hpf. The injected reagents and their amounts are indicated at the bottom. Numbers of examined embryos are indicated at the top. BV: brain ventricle.
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Maternal Vsx1 directly represses ntl ectopic expression during early
embryogenesis
It has been observed that in Xenopus Brachyury (Bra) can
actively promote convergent extension but inhibit rostral migra-
tion of mesendoderm cells in a dose-dependent manner (Kwan
and Kirschner, 2003), and misexpression of Bra in PME can result
in embryos with head truncation (Latinkic and Smith, 1999). Since
zebraﬁsh ntl is the homolog of bra, we hypothesized that maternal
Vsx1 might repress ntl ectopic expression to preserve PME forma-
tion and rostral migration during early embryogenesis in zebraﬁsh.
To verify this hypothesis, we ﬁrst examined ntl expression in
the maternal vsx1 knockdown embryos at 30% epiboly stage.
Whole-mount in situ hybridization showed that the expression
domain of ntl was remarkably expanded toward the animal pole in
vsx1 tbMO injected embryos in comparison with that in the wild
Fig. 4. Maternal Vsx1 knockdown speciﬁcally inhibits forebrain formation. (A–F0) Expression patterns of six3b, eng2a and krox20 in uninjected wild-type and vsx1 tbMO
injected embryos at 8–10 somite embryos. (G–H0) Comparison of relative expression levels and spatial patterns of forebrain marker rx3, mid-hindbrain boundary marker
pax2a and hindbrain marker hoxb1b at bud stage. Brackets in G and H indicate the distance between forebrain region and mid-hindbrain boundary. Asterisks indicate the
anterior end of forebrain. Black arrowheads indicate the location of mid-hindbrain boundary and gray arrowheads indicate the location of hindbrain. (A–H) Dorsal views
with animal to the top. (A0–H0) Lateral views with animal to the top. The injected reagents are indicated at the left of each column. Riboprobes are indicated at the top of each
group of ﬁgures.
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type embryos (Fig. 7A–F). On the contrary, the expression of ntl
was signiﬁcantly repressed at the margin ring, especially in the
dorsal shield region, in the embryos receiving injection of 200 pg
vsx1 mRNA (Fig. 7G–I). Real-time quantitative RT-PCR analysis
conﬁrmed that the transcriptional level of ntl was indeed
increased in vsx1 morphants but decreased in the vsx1 mRNA
injected embryos (Fig. 7J). Ectopic expression of ntl was conﬁrmed
by examining the expression of wnt11, which has been shown to
be the downstream target of ntl (Makita et al., 1998; Tada and
Smith, 2000). The expression domain of wnt11 was also remark-
ably expanded toward the animal pole in vsx1 tbMO injected
embryos (Fig. S1D–F) and signiﬁcantly repressed at the margin
ring in vsx1 mRNA injected embryos (Fig. S1G–I). These results
indicate that maternal Vsx1 acts as an important repressor of ntl
transcription animal to the germ ring at blastula and early gastrula
stages.
Vsx1 contains a DNA-binding homeodomain (Levine and
Schechter, 1993) and is a transcriptional repressor which can
directly bind to a core consensus sequence TAATTN at promoter
region of a target gene (He et al., 2014). Sequence analysis showed
that there are 18 potential Vsx1 binding sites in the proximal
promoter of ntl upstream of the transcription start site (Fig. S2,
Fig. 7K). Chromatin immunoprecipitation (ChIP) assay in normal
gastrula embryos was performed to determine whether Vsx1
could bind to the promoter region of ntl at a potential binding
site. After immunoprecipitaion with the anti-Vsx1 antibody, the
binding of Vsx1 to all the 18 potential binding sites was examined
by speciﬁc PCR with 8 pairs of primers (Fig. 7K). PCR ampliﬁcation
was only detected with the primer pair spanning the potential
binding site 18 (Fig. 7L) in the ntl promoter region 8. Sequence
analysis conﬁrmed that the PCR product was indeed identical to
that of the ntl promoter region 8. In all the negative controls with
preimmune serum or solution without antibody, or with primers
spanning the exon 8 region of ntl, no PCR product was detected
(Fig. 7L). This data indicates that Vsx1 speciﬁcally binds to ntl
proximal promoter at the binding site 18 in normal chromatin
environment.
To conﬁrm that Vsx1 can repress ntl expression from the
TAATTT motif of the binding site 18, we constructed two GFP
reporter gene sensors driven by a 1.9 k ntl proximal promoter,
which contains all the 18 TAATTN motifs, or a 1.9 k mutant
proximal promoter, in which the TAATTT motif at the binding site
18 was converted to TCAATT (Fig. 7M). Both the wild type and
mutant ntl proximal promoter fragments drove GFP expression
successfully after middle gastrula stage (Fig. 7N). When 200 pg
vsx1 mRNA was co-injected with 40 pg of each the GFP reporter
sensors at one-cell stage, the level of gfp expression from the
sensors driven by wild-type proximal promoter was signiﬁcantly
decreased while from the sensor driven by the mutant kept
high (Fig. 7N). It is unequivocal that Vsx1 can directly repress ntl
expression in vivo by binding to the TAATTT motif of the binding
site 18.
Fig. 5. Impaired PME formation and progression resulted in aberrant forebrain formation. (A, D, G) Phenotype comparison of uninjected (A), vsx1 tbMO injected (D) and vsx1
tbMO and dkk1 mRNA coinjected embryos (G) at 8–10 somite stage. Brackets show the distance between head and tail. Note that the forebrain formation is restored with a
shortened AP axis and anterior neural plate marker is expressed in more posterior positions in vsx1 tbMO and dkk1 mRNA coinjected embryos. (B–C0 , E–F0 , H, H0) Whole-
mount in situ hybridization of anterior neuroectoderm marker rx3 and PME marker hgg1 at bud stage. (B, C, E, F, H) Dorsal-animal views with anterior to the top. (B0 , C0 , E0 , F0 ,
H0) Lateral views with animal to the top. (I) Proportion of brain phenotypes in different experiments at 24 hpf. The injected reagents and their amounts are indicated at the
bottom. Numbers of examined embryos are indicated at the top.
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Because Wnt3a, Fgf3 and Fgf8 signaling are involved in stimu-
lating Brachyury expression in other vertebrates during early
developmental stages (Smith et al., 1991; Isaacs et al., 1994;
Grifﬁn et al., 1995; Yamaguchi et al., 1999; Vonica and Gumbiner,
2002), we also examined whether maternal Vsx1 can repress these
genes to prevent ntl ectopic expression in zebraﬁsh. Whole-mount
in situ hybridization analysis of all these genes showed no
detectable expression difference between wild type and tbMO
injected embryos (Figs. S3 and S4). Therefore, ntl ectopic expres-
sion in maternal Vsx1 knockdown embryos could not be con-
tributed to the alteration of these signals.
The function of maternal Vsx1 in repressing ntl ectopic expression is
essential for normal PME and forebrain formation
To determine whether ntl misexpression could cause the
defects of PME and forebrain formation in the morphants, we
performed a rescue experiment by coinjecting 9.5 ng ntl MO with
3.8 ng vsx1 tbMO at one-cell stage. Whole-mount in situ hybridi-
zation analysis showed that, at bud stage, the size and the position
of the hgg1 marked PME domain in the coinjected embryos were
almost the same as that in wild type embryos, the ntl domain was
extended toward the animal pole and the gap between posterior
edge of the hgg1 domain and anterior edge of the ntl domain was
as wide as that in wild type embryos (Fig. 1I–L), gsc marked PME
cells were able to converge to the dorsal midline, separate from
the ntl marked embryonic margin and migrate toward the animal
pole as observed in wild type embryos at 40% epiboly stage
(Fig. 2G and H). Cell shape analysis also revealed that, in vsx1
tbMO and ntl MO co-injected embryos, both the elongation and
migration of the leading edge cells toward the animal pole were
recovered (Fig. 2I and I0). Over 80% of vsx1 tbMO and ntl MO
coinjected embryos (N¼118) at 24 hpf exhibited normal or par-
tially rescued head pattern with distinguishable brain ventricles
but aberrant notochord (Fig. 3G–I). Consistent with these mor-
phological features, the expression domains of head organizer
genes otx2, gsc and dkk1, and anterior forebrain marker gene six3b
at bud stage were almost as normal as that observed in the wild
type embryos when ntl MO was coinjected (Fig. 6). These results
indicate that defects of both PME formation and forebrain devel-
opment in vsx1 tbMO injected embryos have been successfully
suppressed by inhibition of Ntl function.
The effect of ntl misexpression in disturbing anterior structure
formation in zebraﬁsh was conﬁrmed by injection of ntl mRNA.
About 23% of the embryos receiving injection of 1.2 ng ntlmRNA at
one cell stage (N¼88) exhibited head truncations (Fig. S5), while
in the uninjected control siblings, no mutant embryo with head
truncation was observed. Taken together, we have reason to
conclude that the function of maternal vsx1 in repressing ntl
ectopic expression is crucial for normal PME and forebrain forma-
tion during early embryogenesis.
Wnt11, a well known downstream target of Brachyury/ntl
(Makita et al., 1998; Tada and Smith, 2000), plays a crucial role
in regulating convergence and extension movements during
gastrulation, and its expression is consistent well with ntl, we also
tested whether blocking Wnt11 signaling pathway can rescue PME
formation and progression in vsx1 tbMO injected embryos. When
400 pg of dominate negative wnt11 (dnwnt11) mRNA (Tada and
Smith, 2000) was coinjected with 3.8 ng tbMO, the phenotypes of
the embryos were various. A bigger but aberrant hgg1 marked
PME was formed but still located at the posterior side of the
leading edge of the neuroectoderm as that in tbMO injected
Fig. 6. Expression of PME and forebrain markers in vsx1 knockdown, vsx1 and ntl double knockdown embryos at bud stage. (A–L) Dorsal-animal views with anterior towards
the top. (A0–L0) Lateral views with animal towards the top. The injected reagents are indicated at the top of images. Riboprobes are indicated at the left side of images.
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Fig. 7. Maternal Vsx1 directly represses ntl ectopic expression. (A–I) Expression of ntl in uninjected wild-type (A–C), vsx1 tbMO-injected (D–F) and vsx1mRNA-injected (G–I) embryos
at 30% epiboldy. (B, E, H) Dorsal views with animal towards the top. (C, F, I) Animal views with dorsal towards the right. (J) Real-time quantitative RT-PCR analysis of ntl expression in
vsx1 knockdown or overexpression embryos compared to uninjected wild-type embryos. Results are expressed as mean7SEM, and statistical analyses were done by unpaired t test.
nnPo0.01. nnnPo0.001. (K) The position of potential Vsx1 binding sites at ntl proximal promoter region. B1–B18 indicates the potential binding sites of Vsx1. R1–R8 represents the
examined regions in ChIP assay. (L) ChIP assay on extracts from wild-type embryos. Input is a positive control with sonicated original genomic DNA fragment. No antibody
immunoprecipitates are used as negative controls for ChIP assay speciﬁcity. These results show the speciﬁc recruitment of Vsx1 by ntl promoter region 8. (M) Diagram of GFP reporters
driven by wild-type or mutant fragments of the ntl proximal promoter. (N) GFP expression driven by wild-type or mutant fragments of the ntl proximal promoter. The types of GFP
reporter sensors are shown at the top of the images and the coinjected mRNA is shown at the left of the images.
X. Xu et al. / Developmental Biology 394 (2014) 264–276272
embryos (Fig. 1M–P). These results suggested that blocking the
function of Wnt11 can partially rescue PME formation but has
no effect on its progression, and there are some other factors
activated or suppressed by ectopically expressed Ntl to inhibit PME
progression in vsx1 tbMO injected embryos.
Discussion
Vertebrate forebrain arises from the anterior neuroectoderm
under the induction of underlying PME during gastrulation. There-
fore, the establishment of normal PME and correct spatial relation-
ship between PME and neuroectoderm is crucial for generating
normal forebrain patterning. In this study, we revealed an impor-
tant mechanism regulating PME formation and progression in
zebraﬁsh. We show that: (1) maternal Vsx1 protein functions as a
direct transcriptional repressor of ntl in the animal half at early
gastrula stages; (2) removing the repression will result in ntl
ectopic expression more animally and severely disturb PME and
forebrain formation by inhibiting the directional elongation and
migration of presumptive PME cells. These results provide an
insight into how the intricate molecular, cellular and morphoge-
netic processes of forebrain formation are initially regulated.
Preventing bra/ntl misexpression might be a conserved mechanism
of PME formation and forebrain patterning in vertebrates
Misexpression of bra/ntl can inhibit rostral migration of mesen-
doderm cells and result in embryos with head truncations in both
Xenopus (Latinkic and Smith, 1999; Kwan and Kirschner, 2003) and
zebraﬁsh, suggesting that preventing the expression of bra/ntl
from more animal region or the presumptive PME cells during
early embryogenesis might be a conserved mechanism of PME
formation and forebrain patterning.
Goosecoid (Gsc), a paired-type transcription factor expressed in
the prospective PME cells, has been reported to play a role in
repressing bra transcription in Xenopus (Artinger et al., 1997;
Latinkic and Smith, 1999). However, gsc and bra are co-expressed
within a population of cells at the dorsal region during early
gastrulation, suggesting that gsc is involved in reﬁnement rather
than the initial deﬁnition of bra expression domain. vsx1 knock-
down results in ectopic expression of ntl to more animal region in
the entire marginal ring but has no signiﬁcant effect on gsc
expression during early gastrula stage, demonstrating that in
zebraﬁsh the initial global deﬁnition of ntl expression domain is
mainly regulated by maternal Vsx1, rather than Gsc.
However, this mechanism appears not conserved in a simple way.
It has been reported that Vsx1-lacz KO/KI mice can be bred as
homozygotes to produce viable offspring (Chow et al., 2004), suggest-
ing that Vsx1 is not important for anterior–posterior patterning during
early embryogenesis in mammals. The answer to this discrepancy
observed between zebraﬁsh and mice might be that in mammals the
anterior visceral endoderm (AVE) plays an essential role in normal
anterior–posterior axis formation and forebrain development (Thomas
and Beddington, 1996; Beddington and Robertson, 1998; 1999; Kiecker
and Niehrs, 2001; Andoniadou and Martinez-Barbera, 2013).
Aberrant notochord formation in maternal Vsx1 knockdown embryos
may be due to confused gene expression and convergent extension
defects in mesoderm
The ntl marked notochord in maternal Vsx1 knockdown
embryos is expanded in width but shortened in length. This
phenotype can be explained by the confused expression of axial
and paraxial mesoderm genes and concomitant convergent exten-
sion defects. Our previous experiment showed that maternal vsx1
knockdown can elicit expression of ﬂoating head (ﬂh) and repres-
sion of spadetail (spt) and papc in the ventrolateral mesoderm
region during gastrulation (He et al., 2014). ﬂh has a role in
promoting ntl expression (Talbot et al., 1995; Melby et al., 1997;
Halpern et al., 1997). Spt is likely a repressor of ntl activity
(Amacher and Kimmel, 1998) and can cell-autonomously regulate
lateral mesoderm cell convergence to the dorsal midline (Kimmel
et al., 1989; Ho and Kane, 1990) by promoting papc expression
(Yamamoto et al., 1998). It is reasonable that the ectopic expres-
sion of ﬂh and the loss of spt expression in the paraxial mesoderm
may elicit ntl misexpression in this region and disturb the
convergence of mesoderm cells to the dorsal midline. Thereby,
ntl marked axial mesoderm domain appears ventrally expanded.
The ventral expansion of notochord partially explains why the
mid- and hindbrain region is ventrally expanded in association
with the forebrain region reduction in the vsx1 knockdown
embryos.
The migration inhibition of presumptive PME cells in ntl
misexpression embryos might be due to disturbance of cell adhesion
Derepression of ntl in more animal region of embryos resulted
in anterior migration inhibition of the presumptive PME cells and
impaired PME formation and progression. Cell shape change
analysis indicated that the elongation of cells at the leading edge
of the mesendoderm toward the animal pole was inhibited in vsx1
tbMO embryos (Fig. 2F and F0). These observations are consistent
with that misexpression of xBra can inhibit cell migration by
suppressing cell shape change and spreading on ﬁbronectin in
Xenopus (Kwan and Kirschner, 2003). It is possible that Ntl/Bra
inhibits PME progression by activating or inhibiting some factors,
which severely disturb directional elongation of leading edge cells
of the mesendoderm and their adhesion to ﬁbronectin. Another
possible explanation is that ntl ectopic expression in more animal
region disturbs the speciﬁcation of the presumptive ectoderm
cells. Thereby, the cells in the epiblast could not secret ﬁbronectin
to induce elongation and direct anterior migration of the leading
edge cells of mesendoderm. The inhibition of cell migration
in both zebraﬁsh (Fig. 1M–P) and Xenopus (Kwan and Kirschner,
2003) can be partially rescued by blocking the function of Wnt11
in regulating convergent extension movements, suggesting
that Wnt11 is one of the downstream factors of Ntl involved in
regulation of PME progression. Further investigation is required to
identify other downstream factors of Ntl involved in cell adhesion
and migration.
Nodal and FGF signaling pathways might promote ntl expression at
the marginal ring by inhibiting maternal Vsx1
Whole mount in situ immunohistochemistry analysis has
shown that maternal Vsx1 protein exists in most blastomeres
but not in a few dorsal blastomeres during blastula stage (He et al.,
2014). Interestingly, while maternal Vsx1 represses ntl transcrip-
tion in more animal region, it is unable to repress ntl transcription
in the marginal ring where maternal Vsx1 is translated. This might
be due to that the repression of ntl by maternal Vsx1 in the
marginal cells is removed by Nodal signaling emerged from the
vegetal pole and FGF signaling activated in the entire margin. It
has been reported that the extent of ntl expression is dependent
on the strength of Nodal signaling. Removing the inhibitor of
Nodal signaling can result in expansion of ntl expression domain
to more animal region and an enlarged germ ring (Agathon et al.,
2001; Chen and Schier, 2002; Feldman et al., 2002). The expres-
sion of ntl at the marginal zone is also dependent on the activity
of FGF signaling (Grifﬁn et al., 1995). Many studies have suggested
that FGF signals exhibit a vegetal-to-animal activity gradient at
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early developmental stages (Schier and Talbot, 2005). Overexpres-
sion of FGF can induce widespread expression of ntl at 50% epiboly
stage (Grifﬁn et al., 1995). Determining whether Nodal and FGF
signaling pathways remove the repressive function of maternal
Vsx1 to activate ntl expression and promote mesoderm speciﬁca-
tion at the embryonic margin will be helpful to fully understand
the molecular mechanism of germ layer patterning.
Sequence and structural characteristics of Vsx1 binding site
Paired-like transcriptional factor Vsx1 contains a DNA-binding
homeodomain and a function unknown CVC domain (Levine and
Schechter, 1993; Levine et al., 1994). The previously deﬁned core
consensus sequence for paired-like CVC protein binding is (C/T)
TAATT(A/G)(A/G) (Dorval et al., 2006; Clark et al., 2008). Of all the
18 examined potential homeodomain binding sites at the proximal
promoter region of ntl, B2, B4, B8, B9 and B14 ﬁt the standard
criterion of the consensus sequence for zebraﬁsh Vsx binding
(Fig. S2). However, our ChIP and mutant examinations show that
none of these sites is able to anchor Vsx1, and the core consensus
sequence of the actual Vsx1 binding site is ATTAAA, the comple-
mentary sequence of TAATTT (Fig. 7L–N and S2). Interestingly, the
core consensus sequence of zebraﬁsh Vsx1 binding site at ﬂh
proximal promoter is TTAATTGG (He et al., 2014), exactly the
previously deﬁned core consensus sequence for Vsx binding. This
inconsistence suggests that in zebraﬁsh the core consensus
sequence of binding target for Vsx1 is TAATT, the type of the
immediate 50 and 30 nucleotides of TAATT might not be critical for
Vsx1 binding.
TAATT is the core consensus sequence for homeodomain
binding (Ades and Sauer, 1994; Rodrigo et al., 2004). There are
18 potential homeodomain binding sites that contain the sequence
TAATT in the analyzed proximal promoter region of ntl but only
the B18 is selected for binding by Vsx1. These data suggest that the
core consensus sequence TAATT for homeodomain binding is
essential but insufﬁcient in determining Vsx1 binding site. Other
cis-elements relative to the TAATT or speciﬁc structural conforma-
tions of DNA that comprise the core consensus sequence might be
essential for selecting Vsx1 binding site in zebraﬁsh. The actual
binding sites of Vsx1 at the promoter of both ﬂh and ntl genes are
located within a GC-rich region (Fig. S2, He et al., 2014), suggesting
that the GC-rich region might contain cis-elements or form a
speciﬁc spatial structure for Vsx1 to recognize the binding site.
Consistently, other functional domains of Vsx1 may take part in
the complex interaction between the protein and DNA recognition.
The evolutionary conserved CVC domain of Vsx1 is likely the
candidate. Previous study observed that CVC deletion in Vsx2
altered DNA binding (Dorval et al., 2005). Evidence from mouse
Vsx2 has demonstrated that the CVC domain plays an essential
role in assisting the homeodomain in high-afﬁnity DNA binding
(Zou and Levine, 2012). It is possible that the cis-elements in the
GC-rich region or the speciﬁc spatial structure formed by the GC-
rich sequence might interact with CVC domain in assisting home-
odomain binding to DNA.
Materials and methods
Zebraﬁsh stocks and embryo maintenance
Zebraﬁsh embryos were maintained at 28.5 1C and staged by
morphology as well as by time as described previously (Kimmel et
al., 1995). Embryos were dechorionated with 0.25% trypsin in
1 PBS before microinjection.
Morpholino oligonucleotides
The morpholino oligonucleotides (MOs) against zebraﬁsh vsx1
and ntl were designed by Gene Tools. The sequences of vsx1 MOs
are as follows: vsx1 tbMO: 50TGTAGCTTCTTCTCTTCCCGTCATG30;
vsx1 sbMO: 50AGCAAAGTGATTCGTACCGGAGTAA30. The sequence
of ntl MO is 50CTTGAGATAAGTCCGACGATCCTAC30 as published
(Garnett et al., 2009).
Capped mRNAs synthesis
Zebraﬁsh vsx1 ORF was obtained by RT-PCR with primers 50CAGG
ACGAATTCATGACGGGAAGAGAAGAAGCT30 (forward) and 50GGGCG
CTCGAGTTAACTCTCATTTTCAGAATCG30 (reverse, the restriction
enzyme sites are underlined), which were designed according to
the sequence of zebraﬁsh vsx1 (GenBank Accession No:
BC059574.1). vsx1 50-mis ORF, which had 6 synonymous substitu-
tions at the close downstream of Vsx1 translation start site, was
generated by RT-PCR using a changed forward primers:
50AGGACGAATTCATGACaGGcAGgGAgGAgGCa30 (the restriction
enzyme site is underlined; the lowercases indicate the mutated
bases). Zebraﬁsh dkk1 ORF was obtained by RT-PCR with primers
50CGTAATCGATATGATGCACATCGCCATGCT30 (forward) and 50TAGC
GAATTCTTAGTGTCTCTGGCATGTGT30 (reverse, the restriction
enzyme sites are underlined). Zebraﬁsh ntl ORF was ampliﬁed by
RT-PCR with primers: 50CGCTGGAATTCATGTCTGCCTCAAGTCCCGA
C30 (forward) and 50CAACTCTCGAGTCAGTAGCTCTGAGCCACAGG30
(reverse, the restriction enzyme sites are underlined). The coding
sequence for membrane-bound YFP (GAP43-YFP) was ampliﬁed
from the pEYFP-Mem vector (Clontech, USA) using the primers
50CGCCGAATTCATGCTGTGCTGTATGAGAAG30 (forward) and 50AACG
CTCGAGTTACTTGTACAGCTCGTCCA30 (reverse, the restriction enzyme
sites are underlined). vsx1 ORF, vsx1 mis-ORF, dkk1 ORF, ntl ORF
and GAP43-YFP were then inserted into pCS107 separately. After
sequence veriﬁcation, the constructed plasmids were linearized
with BstXI. Capped mRNA was synthesized in vitro using the
mMESSAGE mMACHINE SP6 Kit (Ambion, USA), puriﬁed by Quick
Spin Columns (Roche, Switzerland) and diluted in RNase-free
water. The quality of the puriﬁed mRNA was further checked by
electrophoresis.
Cloning of proximal promoter sequence of zebraﬁsh ntl and
construction of GFP sensors
A 1.9 kb long ntl promoter fragment upstream of the ATG was
ampliﬁed from zebraﬁsh genomic DNA using primers: 50GCTTAT
CTCGAGTGTGTTGTTTACAAAGCCTGG30 (forward) and 50GATTCT
GTCGACTCCCGTTGGATACTGTTGCT30 (reverse, the restriction
enzyme sites are underlined). This fragment was then inserted
into Xho I and Sal I sites of vector pEGFP-1 (Clontech, USA) with
the enchanced GFP reporter gene to construct PZN-1.9KGFP
plasmid. A mutant PZN-1.9KGFP plasmid was generated by indu-
cing the mutant sequence at the desired site with QuickChange II
site-directed Mutagenesis Kit (Stratagene, USA) and the primer
pair of 50CAAGAATACTTTCTGTTTTGTGGCGTCAAtcgATCGGGCGCTA
TTAGG30 (forward) and 50CCTAATAGCGCCCGATcgaTTGACGCCACA
AAACAGAAAGTATTCTTG30 (reverse, lower cases indicate the
mutant sites). All recombinants were reconﬁrmed by sequencing.
Microinjection
All the samples were injected into the blastodisc at 1 to 2-cell
stage. For co-injection, the desired samples were mixed thor-
oughly prior to injection.
X. Xu et al. / Developmental Biology 394 (2014) 264–276274
Digoxigenin or ﬂuorescein-labeled RNA probe synthesis
The full or partial length of cDNA for dkk1 (Genbank ID:
AB02348801), ntl (Genbank ID: BC162300.1), six3b (Genbank ID:
AF030281.1), eng2a (Genbank ID: EB950269.1), krox20 (Genbank
ID: BC081622.1), rx3 (Genbank ID: AF001909.1), pax2a (Genbank
ID: BC066690.1), hoxb1b (Genbank ID: AJ306433.1), dlx3b (Gen-
bank ID:BC078386.1), hgg1 (Genbank ID: BC108031.1), gsc (Gen-
bank ID: L03395.1), otx2 (Genbank ID: BC115165.1), wnt3a
(Genbank ID: AY613787.1), fgf3 (Genbank ID: BC162895.1), fgf8
(Genbank ID: AF030560.1) and wnt11 (Genbank ID: AF067429.1)
were obtained by RT-PCR. The used primers were showed in
Supplemental Table 1. The fragments were separately inserted
into the pBluescript II SK (7) vector (Stratagene, USA). Then
Digoxigenin- or Fluorescein-labeled antisense RNA probes were
transcribed with T7 or T3 RNA polymerase, respectively, in the
presence of Digoxigenin or Fluorescein mix (Roche, Switzerland)
from the linearized plasmids. The newly synthesized RNA probes
were then puriﬁed by Quick Spin Columns (Roche, Switzerland)
and stored at 80 1C.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was carried out as previously
described (Thisse and Thisse, 2008) with minor modiﬁcation. For
double-labeled in situ hybridization, digoxigenin-labeled ntl probe
and ﬂuorescein-labeled gsc probe were hybridized at the same time,
but antibody hybridization and color reaction were carried out
separately. Following the anti-DIG antibody hybridization and NBT/
BCIP staining reaction, the embryos were washed in 0.1 M glycine–
HCl (pH 2.2) for four times to permanently stop the ﬁrst color
reaction. Then hybridize with anti-ﬂuorescein antibody (Roche,
Switzerland) overnight at 4 1C and use INT/BCIP (Roche, Switzerland)
for the second color reaction.
Real-time quantitative RT-PCR
Real-time quantitative PCR was performed in a LightCyclers
480 System (Roche, Switzerland) using a SYBR Premix Ex Taq™
(Takara, Japan). ef1α2 was employed as the internal standard.
The pair of primers for zebraﬁsh ntl was 50CTGGTTCCTGCCCA
GTAACGGCC30 (forward) and 50TGTTCACTCCTCGGGTTCGTA30
(reverse). The pair of primers for zebraﬁsh ef1α2 was 50CCAACTT
CAACGCTCAGGTCA30 (forward) and 50CAAACTTGCAGGCGATGT
GA30 (reverse). Each test and their endogenous ef1α2 control were
performed in triplicate. The melting curves were analyzed after
ampliﬁcation to identify the speciﬁc product in all PCR reactions.
The threshold cycle (Ct) values of 2ΔΔCt was calculated by qRT
software provided for the LightCyclers 480 System (Roche, Swit-
zerland). The histogram for fold comparison of different samples
was generated by inputting the 2ΔΔCt values of different samples
into the GraphPad Prism5 (GraphPad Software, Inc., USA).
Chromatin immunoprecipitation (ChIP)
ChIP assays were performed with ChIP-IT™ Express kit (Active
motif, California, USA) according to the manufacturer's protocol.
Wild type embryos were harvested at 90% epiboly stage and were
resolved in lysis buffer. Chromatin was extracted and sonicated to
produce DNA fragments between 200 and 1500 bp. Then the
chromatin fragments were incubated overnight at 4 1C with
25 μl of protein G magnetic beads and polyclonal antibody of
zebraﬁsh Vsx1. Primers for the PCR analysis were described in
Supplementary Table 2. No antibody immunoprecipitates were
used as negative controls for ChIP assay speciﬁcity.
Confocal imaging
For confocal imaging, all embryos were injected with 200 pg of
GAP43-YFPmRNA at 1 to 2-cell stage. Embryos were then mounted
at 60% epiboly stage in 1% low-melting point agarose. Imaging was
performed using a confocal microscope (LSM 710, Carl Zeiss,
Germany) with a 25 water immersion objective.
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